Galectins are carbohydrate-binding proteins that act as extracellular signaling molecules in various normal and pathological processes. Galectin bioactivity is mediated by specific non-covalent interactions with cell-surface and extracellular matrix (ECM) glycoproteins, which can enhance or inhibit signaling events that influence various cellular behaviors, including adhesion, proliferation, differentiation, and apoptosis. Here, we developed a materials approach to modulate galectin bioactivity by mimicking natural galectin-glycoprotein interactions. Specifically, we created a variant of a peptide that self-assembles into β-sheet nanofibers under aqueous conditions, QQKFQFQFEQQ (Q11), which has an asparagine residue modified with the monosaccharide Nacetylglucosamine (GlcNAc) at its N-terminus (GlcNAc-Q11). GlcNAc-Q11 self-assembled into β-sheet nanofibers under similar conditions as Q11. Nanofibrillar GlcNAc moieties were efficiently converted to the galectin-binding disaccharide N-acetyllactosamine (LacNAc) via the enzyme β-1,4-galactosyltransferase and the sugar donor UDP-galactose, while retaining β-sheet structure and nanofiber morphology. LacNAc-Q11 nanofibers bound galectin-1 and -3 in a LacNAc concentration-dependent manner, although nanofibers bound galectin-1 with higher affinity than galectin-3. In contrast, galectin-1 bound weakly to GlcNAc-Q11 nanofibers, while no galectin-3 binding to these nanofibers was observed. Galectin-1 binding to LacNAc-Q11 nanofibers was specific because it could be inhibited by excess soluble β-lactose, a galectinbinding carbohydrate. LacNAc-Q11 nanofibers inhibited galectin-1-mediated apoptosis of Jurkat T cells in a LacNAc concentration-dependent manner, but were unable to inhibit galectin-3 activity, consistent with galectin-binding affinity of the nanofibers. We envision that glycopeptide nanofibers capable of modulating galectin-1 bioactivity will be broadly useful as biomaterials for various medical applications, including cancer therapeutics, immunotherapy, tissue regeneration, and viral prophylaxis.
Introduction
Galectins are receiving increasing attention as therapeutic targets due to their important role as extracellular signaling molecules in various normal and pathological processes, including immunological tolerance and inflammation, 1, 2 antigen-specific T cell activation, 3 cancer progression, [4] [5] [6] platelet activation, 7 angiogenesis, 8 and viral infection. 9 Galectins are a 15-member protein family characterized by a highly conserved carbohydrate-recognition domain (CRD) that mediates non-covalent interactions with β-galactosides, such as β-lactose and Ν-acetyllactosamine (LacNAc). 10 Galectins can be sub-divided into 3 general families: proto-type galectins, which non-covalently associate into homodimers having two identical carbohydrate-recognition domains; tandem-repeat galectins with distinct N-and C-terminal CRDs that are covalently linked; and galectin-3, which assembles into a pentamer via an Nterminal domain. 11 Within extracellular microenvironments, galectins bind to various cell surface and ECM glycoproteins bearing β-galactosides via specific carbohydrate-dependent interactions. Due to their multivalent CRDs, galectins can simultaneously bind multiple different cell surface and ECM glycoproteins, essentially acting as non-covalent crosslinkers to organize or cluster different proteins into "bioactive" signaling synapses or sequester receptors in an inactive state. 12 Galectin-mediated glycoprotein crosslinking can enhance or inhibit "outside-in" cellular signaling events that govern various cellular behaviors, including adhesion, [13] [14] [15] [16] [17] [18] [19] proliferation, 20, 21 apoptosis, [22] [23] [24] [25] and differentiation. [26] [27] [28] [29] Despite their highly conserved CRDs, however, different galectins can have similar, synergistic, or antagonistic activity within a given physiological or pathological setting. For example, whereas galectin-1 and galectin-8 co-stimulate antigenspecific T cell responses, galectin-3 antagonizes these responses, 3 suggesting that therapeutics that selectively inhibit galectin-1 activity could suppress antigen-specific immune responses, whereas those that selectively inhibit galectin-3 activity could boost antigen-specific immunity. In addition, galectin-1 and galectin-3 induce different responses in neutrophils and T cells, in particular with galectin-1 up-regulating T cell production of IL-10, an anti-inflammatory cytokine, and down-regulating expression of interferon-γ. 25 Furthermore, galectin-1 suppresses Thelper (Th)-1-type cytokines in models of autoimmune disease, 30 whereas galectin-3 suppresses Th-2-type cytokines. 31 In experimental autoimmune encephalomyelitis, an experimental model for multiple sclerosis, galectin-1 deficiency increased disease severity, 32 whereas galectin-3 deficiency decreased disease severity, 33 suggesting that selective inhibition of galectin-3 may provide therapeutic benefit. Alternatively, galectin-1 enhances human immunodeficiency virus infection by mediating association of the virus with host cells, whereas galectin-3 does not enable HIV-host association. 34 As a result, developing carbohydrate-based therapeutics that can modulate galectin bioactivity by interfering with specific galectin-glycoprotein interactions is a rapidly growing area of research.
To date, a wide variety of small molecules related to or inspired by β-galactosides have been investigated as galectin inhibitors. [35] [36] [37] However, achieving robust therapeutic efficacy has been challenged by the relatively low affinity of monovalent carbohydrates for galectins, which results from the high entropic penalty associated with small molecule binding to a protein and the limited enthalpy afforded by weak non-covalent bonds formed between proteins and carbohydrates. Throughout natural systems, binding between galectins and carbohydrates is often enhanced via high-density carbohydrate display by glycoproteins, typically referred to as the "glycocluster effect". 38 As a result, synthetic glycoclusters are gaining interest as alternatives to small molecule inhibitors of galectin-glycoprotein interactions. For example, dendrimers, cyclodextrins, glycopeptides and other supramolecular architectures can provide glycoclusters with enhanced lectin-binding affinity, despite often having a relatively low carbohydrate valency. [39] [40] [41] [42] Glycopolymers can provide an even greater degree of carbohydrate multivalency, and in turn lectin-binding affinity, than low-molecular weight glycoclusters, and many different types of glycopolymers have been synthesized based on natural and synthetic monomers. 43 Living polymerization enables synthesis of glycopolymers with well-defined carbohydrate density and valency, because it can eliminate the compositional drift associated with conventional co-polymer synthesis. Such compositional precision is important because carbohydrate density and valency are key determinants of lectin-glycan cross-linking. 44 Recent work demonstrated that chemically-defined poly(LacNAc) polymers immobilized onto solidphase substrates can provide biomaterials capable of harnessing galectin bioactivity, in particular for mediating reversible immobilization of galectin-binding ECM proteins onto biomaterial surfaces. 45, 46 Here, we sought to create water-soluble biomaterials having LacNAc concentrations comparable to conventional glycopolymers, in which LacNAc content can be easily and precisely varied to optimize nanofiber efficacy for modulating galectin bioactivity.
Non-covalent self-assembly of peptides into supramolecular nanofibers can provide biomaterials with polymer-like structural features and well-defined composition of integrated functional ligands. [47] [48] [49] [50] [51] [52] [53] [54] In particular, self-assembling peptide "monomers" with different pendant functional groups, such as peptides, proteins, or small molecules, can be readily synthesized in high yield and purity using standard methods. Self-assembly of any single monomer can provide β-sheet nanofibers having activity related to the pendant ligand. In addition, different monomers mixed together in the pre-assembled state can co-assemble into multi-functional nanofibers, and the composition of each functional ligand integrated into the nanofibers often correlates with monomer mole fraction in solution during assembly. 55, 56 Toward the development of therapeutic biomaterials, peptide monomers are advantageous because they are made from natural, biodegradable molecules, while the resulting nanofibers are non-inflammatory and minimally immunogenic, unless modified with a non-self epitope. 57, 58 Finally, since carbohydrates are covalently linked to the sidechain of asparagine (i.e. "n-linked") or serine/threonine (i.e. "mucin-like) amino acids in natural glycoproteins, 59 a carbohydrate conjugated to the side chain of an asparagine, serine, or threonine amino acid appended onto the terminus of a self-assembling peptide domain will provide biomaterials that more closely approximate n-linked or mucin-like carbohydrate presentation by natural glycoproteins. Thus, we proposed that nanofibers fabricated via selfassembly of carbohydrate-modified peptides, or "glycopeptides", would provide a useful alternative to conventional glycopolymers for creating water-soluble, galectin-binding biomaterials.
modified with the monosaccharide N-acetylglucosamine (GlcNAc) at its N-terminus (GlcNAc-Q11) (Fig 1a) . We proposed that nanofibers with tunable carbohydrate concentration could be fabricated via simple mixing of GlcNAc-Q11 and Q11 at various molar ratios in the pre-assembled state (Fig. 1b) , based on previous observations with multicomponent peptide co-assemblies and peptide-protein composite assemblies. 55, 56 In turn, we proposed that GlcNAc moieties displayed by nanofibers could be converted to the galectinbinding β-galactoside, LacNAc, via the enzyme β-1,4-galactosyltransferase (β-1,4-GalT) and a galactose donor (Fig. 1c) , based on previous demonstrations of the synthetic utility of this mechanism to fabricate LacNAc modified surfaces. 61 Finally, we proposed that nanofibers displaying LacNAc would bind galectin-1 and galectin-3 in a LacNAc-dependent manner (Fig. 1d) , and that nanofiber LacNAc content could be optimized to create biomaterials with improved efficacy for modulating galectin-1 bioactivity as an extracellular signaling molecule.
Methods

Peptide Synthesis and Purification
The β-sheet fibrillizing peptide, Ac-QQKFQFQFEQQ-Am (Q11), 60 and its glycosylated analog GlcNAc-Q11, were synthesized using standard Fmoc protocols for solid-phase peptide synthesis on a CS336X automated peptide synthesizer (CS Bio). Reagents for peptide synthesis were purchased from Novabiochem, unless stated otherwise. Q11 was synthesized on a 0.25 mmol scale using a Rink amide resin. Fmoc deprotection was accomplished with 20% piperidine (Sigma) in dimethylformamide (DMF) (Fisher). Peptide was cleaved and deprotected by incubating in a cocktail of 9.5:0.25:0.25 trifluoroacetic acid (TFA) (Fisher):triisopropylsilane (TIS) (Sigma):water for 2.5 hours. Peptide was precipitated and washed with cold diethyl ether (Fisher). Finally, peptide was dried, dissolved in water, frozen and lyophilized.
GlcNAc-Q11 (Asn(Ac3NH-β-Glc)-SGSG-QQKFQFQFEQQ-Am) was synthesized and cleaved/deprotected using the same methods as for Q11 above. Fmoc-Asn(Ac3NH-β-Glc)-OH was purchased from Novabiochem. Ac3NH-β-Glc was deacetylated to give Asn(GlcNAc)-SGSG-Q11 by incubating the peptide in a sodium methoxide solution (0.5 M in methanol, pH 10) (Acros Organics) for 30 minutes. Peptide precipitate was sedimented by centrifugation, and sodium methoxide supernatant was decanted. Peptide pellet was then washed with methanol, and sedimented by centrifugation. Centrifugation and methanol washing steps were repeated twice. Peptide was dried in vacuo, dissolved in water, frozen, and lyophilized.
Peptides were purified via reversed phase high performance liquid chromatography (RP-HPLC) using a Varian ProStar HPLC system equipped with a Grace-Vydac C-18 column, or a DionexTM Ultimate 3000TM System (Thermo Scientific) equipped with a C-18 column (Thermo Scientific). The mobile phase consisted of (A) water and (B) acetonitrile, both with 0.1% TFA. Elution was achieved with a linear gradient varying (B) from 25 to 35% over 10 min. Peptide was detected by absorbance at 215 nm.
MALDI-Time-of-Flight Mass Spectrometry (MALDI-TOF-MS)
For MALDI-TOF-MS analysis, 1 μL of peptide purified by RP-HPLC was mixed with 1 μL of α-cyano-4-hydroxycinnamic acid (10 mg/mL in 70% acetonitrile and 0.1% TFA), spotted onto a MALDI target, and dried. Samples were analyzed using reflectron, positive ion mode on an AB SCIEX TOF/TOFTM 5800 equipped with a 1 KHz N2 OptiBeamTM on-axis laser. Laser power was used at the threshold level required to generate signal.
Nanofiber Preparation
GlcNAc-Q11 and Q11 nanofibers were prepared using established methods for selfassembly of Q11 and other Q11 derivatives. 60 In particular, Q11 nanofibers were prepared by first dissolving lyophilized peptide powder in water at specified concentrations. Similarly, nanofibers with variable content of GlcNAc were prepared by first mixing GlcNAc-Q11 and Q11 peptides at different molar ratios in the powder form, and then dissolving them in water at the desired concentration to favor their co-assembly. 62 Peptides were dissolved in water by alternating cycles of vortexing and sonication, and then incubated at room temperature for 30 minutes, during which time the peptides begin to selfassemble. Aqueous peptide solutions were then diluted 10-fold in neutral aqueous buffers, such as 1x phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 , pH 7.4), or 20 mM HEPES with 10 mM MnCl 2 , based on prior observations that neutral aqueous buffers accelerate Q11 self-assembly. 60 We used an RP-HPLC assay to determine the correlation between GlcNAc-Q11 mole fraction in solution during nanofiber assembly and GlcNAc content of the resultant nanofibers, similar to previous methods. 56 GlcNAc-Q11 and Q11 were mixed as dry powders at different molar ratios (χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25 and 0.50), dissolved in water as described above, diluted 10-fold in 1x PBS to a final concentration of 3.2 mM, and incubated for 30 minutes. Nanofibers were then sedimented by centrifugation at 12000xg for 5 min, similar to previous methods. 55 Greater than 90% of peptide in solution was sedimented by centrifugation, independent of carbohydrate content (data not shown), consistent with previous reports. 55 Following centrifugation, supernatant above the nanofiber pellet was carefully removed via pipet, nanofibers were resuspended in TFA, and nanofibers were disassembled via vigorous pipetting. GlcNAc-Q11 and Q11 content in each TFA solution was then independently analyzed via RP-HPLC, using methods described above. Specifically, an RP-HPLC chromatogram was collected from each sample containing a mixture of GlcNAc-Q11 and Q11 in TFA. The area under the GlcNAc-Q11 peak (~18.5 min; confirmed via MALDI-TOF-MS) and Q11 peak (~19.5 min; confirmed via MALDI-TOF-MS) was calculated. RP-HPLC chromatograms of serial dilutions of TFA solutions with known concentrations of GlcNAc-Q11 or Q11 were then collected and the area under the GlcNAc-Q11 or Q11 peak was used to create standard curves of absorbance versus GlcNAc-Q11 concentration or Q11 concentration, respectively. The Q11 standard curve was used to convert the area under the Q11 peak in each sample RP-HPLC chromatogram to Q11 concentration in the sample. Similarly, the GlcNAc-Q11 standard curve was used to convert the area under the GlcNAc-Q11 peak in each sample RP-HPLC chromatogram to GlcNAc-Q11 concentration in the sample. Mole fraction of GlcNAc-Q11 in each sample was then calculated by dividing GlcNAc-Q11 concentration in the sample by the total peptide concentration in the sample (i.e. concentration of Q11 + concentration of GlcNAc-Q11) in that sample. Chromatograms from 3 samples at each GlcNAc-Q11 feed mole fraction (χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25 and 0.50) were collected and analyzed, and all standards were run in duplicate.
Enzymatic Synthesis of LacNAc-Q11 Nanofibers
Enzymatic conversion of nanofibrillar GlcNAc to LacNAc was performed in a total volume of 20 μL for all MALDI-TOF and transmission electron microscopy experiments. For all enzymatic conversion experiments, we used a basis of 2 nmol GlcNAc-Q11 incubated with 2.4 mUnits (mU) of β-1,4-galactosyltransferase (β-1,4-GalT) from bovine milk (Sigma) and 10 nmol sugar donor, uridine diphosphate galactose (UDP-gal) (Carbosynth and Sigma). 1 U corresponds to the amount of enzyme that transfers 1 μmole galactose to GlcNAc per min at 37°C, pH 7. Here, the reaction mixture contained 0.0024 U of β-1,4-GalT, which is expected to transfer ~2.4 nmol galactose to GlcNAc per minute. Thus, enzymatic conversion of 2 nmol GlcNAc-Q11 to LacNAc was expected to approach completion within ~1 minute under these reaction conditions. However, we assumed that tethering GlcNAc to nanofibers would decrease enzymatic reaction efficiency due to greatly reduced substrate diffusivity in the reaction medium, and thus we allowed the reaction to proceed at 37 °C for 18 hours in a humid environment in 20 mM HEPES and 10 mM MnCl 2 buffer (pH 7.5).
To determine enzyme reaction kinetics, we quantified the decrease in GlcNAc-Q11 MALDI-TOF-MS peak intensity as a function of time. Specifically, nanofibers containing 0.25 mM GlcNAc-Q11/0.75 mM Q11 (5 nmol GlcNAc) were incubated with 12 mU β-1,4-GalT and 50 nmol UDP-gal in 20 mM HEPES and 10 mM MnCl 2 buffer (pH 7.5) to maintain the basis of 2.4 mU β-1,4-GalT/2 nmol GlcNAc-Q11 and 10 nmol UDP-gal. 1 μL aliquots were taken from the reaction mixture at different time points (0, 1, 5, 10, 60, 300, 600, and 1080 min) and mixed with 5 μL of pre-chilled 10% aqueous acetonitrile solution to quench enzyme activity. Samples were then analyzed using MALDI-TOF-MS as described above. To account for differences in ionization efficiencies of different molecules, the GlcNac-Q11 peak intensity in MALDI-TOF-MS spectra at each time point was normalized to the Q11 peak intensity within the same spectrum. Conversion efficiency was then calculated from: [GlcNAc-Q11/Q11 peak intensity at time = t]/[GlcNAc-Q11/Q11 peak intensity at time = 0]. Conversion efficiency versus time was plotted to establish the kinetic profile of the reaction. Reactions were run in triplicate to assess variability.
Enzymatic synthesis was scaled up to maintain the basis of 2.4 mU β-1,4-GalT/2 nmol GlcNAc-Q11 and 10 nmol UDP-gal for co-precipitation experiments, circular dichroism experiments, and Jurkat T cell apoptosis experiments (described below). For these experiments, total Q11 concentration was 1 mM, with χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25 0.50, or 1. After enzymatic treatment, nanofibers were sedimented by centrifugation and washed with 1x PBS three times prior to further studies, including co-precipitation experiments and Jurkat T cell apoptosis experiments.
Transmission Electron Microscopy
Nanofiber morphology before and after enzymatic conversion from GlcNAc-Q11 to LacNAc-Q11 was investigated using transmission electron microscopy (TEM). Nanofibers formed as described above at a total Q11 concentration of 1 mM were diluted in 1x PBS to a final concentration of 0.125 mM. Nanofibers were then adsorbed on a formvar-carbon coated 400 mesh copper grid (FCF400-Cu-UB, EMS) by floating the grids on 5 μL drops on parafilm for 1 min. Samples were negatively stained with 1% uranyl acetate in water, and analyzed using a FEI Tecnai F30 TEM.
Circular Dichroism Spectroscopy
Circular dichroism (CD) spectroscopy was used to study β-sheet structure of glycosylated nanofibers. 0.5, 1.25, and 2.5 mM GlcNAc-Q11 or GlcNAc-Q11:Q11 (1:9 molar ratio) were dissolved in water, diluted 10-fold in 1x phosphate buffer with potassium fluoride (137 mM KF, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 , pH 7.4), and incubated overnight at room temperature. Additionally, 1 mM GlcNAc-Q11 was dissolved in water, diluted 10-fold in 20 mM HEPES + 10 mM MnCl 2 with or without UDP-gal and β-1,4-GalT as described above, and incubated overnight. After overnight incubation, nanofibers were sedimented by centrifugation at 12000xg for 5 min, supernatant containing β-1,4-GalT was removed via pipet, and nanofibers were resuspended in 1x phosphate buffer with potassium fluoride. CD spectra were collected at room temperature in the 200-260 nm range using an AVIV 202 CD spectrometer with quartz cells of 1 mm pathlengths. Each sample was analyzed three times and averaged spectra were reported.
Expression and purification of recombinant human galectin-1 and galectin-3
Genes encoding human galectin-1 or galectin-3 (Origene) were inserted into pET-21d vectors between the NcoI site and XhoI site. For the galectin-1 gene, the XhoI site was mutated to a stop codon to remove the His6 tag using the QuikChange II site-directed mutagenesis kit (Agilent), according to manufacturer's instructions. Origami B (DE3) E.coli were transformed with pET-21d-galectin-1 or pET-21d-galectin-3 vectors and selected on 100 μg/mL ampicillin-and 50 μg/mL kanamycin A-doped LB/agar plates overnight at 37°C. Positive clones were picked and used to inoculate 10 mL of LB broth containing 100 μg/mL ampicillin-and 50 μg/mL kanamycin A. Cultures were grown overnight at 37° C, 220 rpm on an orbital shaker. Plasmids were isolated from cultures via a plasmid mini-prep kit (Qiagen), according to manufacturer's instructions, and sequenced in the University of Chicago gene sequencing core facility. Cultures of positive clones were then sub-cultured into 1 L 100 μg/mL ampicillin-and 50 μg/mL kanamycin A-containing LB broth and grown at 37 °C, 220 rpm on an orbital shaker until an O.D. at 600 nm = 0.6-0.8 was reached. Cultures were then spiked with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubated for 4 h at 37 °C, 100 rpm in an orbital shaker. Bacteria were pelleted by centrifugation, culture media was decanted, bacteria were resuspended in 1x PBS (with 8 mM dithiothreitol (DTT) in the case of galectin-1, which was included in all buffers to maintain galectin-1 in the "active" reduced state 63 ). Bacteria were lysed with 1x BugBuster protein extraction reagent (Novagen), 1 eComplete protease inhibitor tablet (Santa Cruz Biotechnology), 300 units DNAse I from bovine pancreas (Sigma), and 100 μg lysozyme (Sigma) for 20 min. Lysed bacteria were cleared by centrifugation, and supernatant containing recombinant galectin-1 or galectin-3 was loaded onto columns containing α-lactose:agarose (for galectin-1) or HisPur cobalt resin (for galectin-3) equilibrated with 1x PBS. Columns were washed with 20-30 column volumes of 1x PBS to remove loosely bound bacterial proteins. Galectin-1 was eluted with increasing concentrations of β-lactose in 1x PBS with 8 mM DTT. Galectin-3 was eluted with increasing concentrations of imidazole in 1x PBS. β-lactose or imidazole were removed by 5 rounds of concentrating sample 10-fold via centrifugation in centrifugal filter tubes (MWCO 3kDa) (Millipore), followed by 10-fold dilution with 1x PBS plus 8 mM DTT (galectin-1) or 1x PBS (galectin-3). Protein molecular weight and purity were analyzed with SDS-PAGE. Protein purity was ≥ 90%, as determined by densitometry of SDS-PAGE gels. Endotoxin contaminants in fractions containing galectin-1 or galectin-3 were removed by Triton X-114 cloud-point precipitation, according to established methods. 55, 64 Endotoxin content was analyzed with the limulus amoebocyte lysate assay (Lonza), according to manufacturer's instructions, and was below 0.1 EU/mL in all stocks.
Co-precipitation assays with galectin-1, galectin-3, wheat germ agglutinin, and β-lactose GlcNAc-Q11 nanofibers for binding studies (1 mM Q11 containing χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25, or 0.50) were prepared as described above. LacNAc-Q11 nanofibers for binding studies (1 mM Q11 containing χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25, or 0.50) were prepared as described above and then treated with β-1,4-GalT and UDP-gal to convert nanofibrillar GlcNAc to LacNAc. Nanofibers were then mixed with (a) 4 μM recombinant human galelctin-1 with or without 100 mM β-lactose (Sigma) in 1x PBS plus 8 mM DTT (b) 3 μM recombinant galectin-3 in 1x PBS, or (c) 12.5 μM wheat germ agglutinin in 1x PBS. Solutions of nanofibers and lectins were incubated at room temperature for 1 h. Nanofibers were then sedimented by centrifugation at 12000xg for 5 min and supernatant was collected. 20 μL supernatant was mixed 1:1 with 20 μL 2x Laemmli buffer and analyzed for galectin-1 or galectin-3 using SDS-PAGE electrophoresis (galectin-1 14.2 kDa; galectin-3 27.2 kDa) on precast "Any kD gels" (Bio-Rad), followed by Coomassie Blue staining. Galectin-1 and galectin-3 supernatant samples were also diluted 1:2 with 1x PBS and analyzed for tryptophan fluorescence (excitation 280 nm, emission 345 nm) using a SpectraMax M5 plate-reader in glass-bottom black 96-well plates. Tryptophan fluorescence intensity was converted to galectin-1 or galectin-3 concentration using a standard curve of tryptophan fluorescence of samples with known galectin-1 and galectin-3 concentrations. Wheat germ agglutinin concentration in supernatant was determined with the BCA assay (Fisher), according to manufacturer's instructions.
Serum protein binding to LacNAc-Q11 nanofibers
LacNAc-Q11 nanofibers for serum binding studies (1 mM Q11 containing χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25, or 0.50) were prepared as described above and then treated with β-1,4-GalT and UDP-gal to convert nanofibrillar GlcNAc to LacNAc. Nanofibers were mixed with 10% FBS, and incubated for one hour at room temperature. Nanofibers were sedimented by centrifugation at 12000xg for 5 min. Supernatant was then collected via pipet and analyzed for total protein content using the BCA Protein Assay kit (Pierce) according to the manufacturer's instructions.
Tryptophan fluorescence quenching of galectin-1
Galectin-1 tryptophan fluorescence quenching by LacNAc-Q11 nanofibers or β-lactose was analyzed using a SpectraMax M5 plate-reader (excitation 280 nm, emission 345 nm) in glass-bottom black 96-well plates. LacNAc-Q11 nanofibers for tryptophan fluorescence quenching studies (1 mM Q11 containing χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25, or 0.50) were prepared as described above and then treated with β-1,4-GalT and UDP-gal to convert nanofibrillar GlcNAc to LacNAc. Fluorescence intensity of unbound protein was determined from solutions of 5 μM galectin-1 in 1x PBS plus 8 mM DTT. Fluorescence intensity of bound protein was determined from solutions containing 5 μM galectin-1 in 1x PBS plus 8 mM DTT plus (a) LacNAc-Q11 nanofibers or (b) 0.01-100 mM β-lactose. Due to the 3 phenylalanine residues, Q11 also emits fluorescence upon excitation at 280 nm. Thus, background fluorescence intensity was determined from solutions of 1x PBS containing (a) LacNAc-Q11 nanofibers alone, or (b) 0.01-10 mM β-lactose alone. Tryptophan fluorescence quenching was reported as: fluorescence of unbound protein -fluorescence of bound protein, where bound protein = (fluorescence of galectin-1 plus nanofibers or β-lactose) -(fluorescence of nanofibers or β-lactose alone) (i.e. background signal), and unbound protein = (fluorescence intensity of galectin-1 alone). Dissociation constants were calculated by non-linear regression using GraphPad Prism software.
Analysis of Jurkat T cell apoptosis by galectin-1 and galectin-3 in the presence or absence of LacNAc-Q11 nanofibers
Jurkat T cells were obtained from the laboratory of Dr. Anita S. Chong at the University of Chicago, and were grown in suspension culture in RPMI 1640 with 10% heat-inactivated fetal bovine serum, which we referred to as "culture media". For all experiments, culture media was supplemented with 100 μg/mL polymyxin b (Invivogen) to inhibit any endotoxin in galectin-1 or galectin-3 stocks that was not removed via Triton X-114 cloud-point precipitation. For cytotoxicity experiments, 20,000 Jurkat T cells per sample were incubated for 4 h in culture media supplemented with 0-2 mM GlcNAc-Q11 in 1x PBS, or LacNAc-Q11 nanofibers (1 mM Q11 containing χ GlcNAc-Q11 = 0.01, 0.05, 0.10, 0.25, 0.50, or 1, prepared as described above and then treated with β-1,4-GalT and UDP-gal to convert nanofibrillar GlcNAc to LacNAc). Untreated controls were incubated in culture media supplemented with 1x PBS. For all galectin-1 apoptosis experiments, 20,000 Jurkat T cells per sample were incubated in culture media supplemented with 10 μM galectin-1 and 8 mM DTT, and untreated controls were incubated in culture media supplemented with 8 mM DTT. For all galectin-3 apoptosis experiments, 20,000 Jurkat T cells per sample were incubated in culture media supplemented with 5 μM galectin-3, and untreated controls were incubated in culture media. Culture media for experimental and untreated "control" groups was additionally supplemented with 1 mM Q11 nanofibers with varying LacNAc concentrations, prepared as described above, 250 μM β-lactose (Sigma), or 500 μM thiodigalactoside (TDG) (Santa Cruz Biotechnology). There was no discernible difference in cell agglutination or metabolic activity between control groups supplemented with Q11 nanofibers, β-lactose, or TDG, suggesting that they had no effect on Jurkat T cell viability in the absence of galectin-1 or galectin-3.
For agglutination experiments, cells were incubated for 1 h at 37 °C, and then imaged at 100x magnification with a Zeiss Axioscope inverted microscope. All images were scaled down to the same size using ImageJ software (NIH).
Phosphatidylserine exposure on the outer leaflet of the cell membrane was visualized with an Annexin V-eGFP staining kit (Biovision), according to manufacturer's instructions and an established protocol. 63 Briefly, Jurkat T cells were maintained in culture media supplemented with 10 μM galectin-1 and 8 mM DTT, with or without Q11 nanofibers, for 1 h. Samples were then cooled on ice for 10 min, 0.2 M β-lactose was added to the sample at a 1:1 (v/v) ratio, and the samples were manually inverted for 30 s. 0.2 M β-lactose was then added at a 5-fold volumetric excess, each sample was centrifuged for 4 min at 1500 rpm on an Eppendorf mini-spin, and the supernatant was carefully removed to avoid disturbing the cell pellet. Cells were resuspended in 500 μL "binding buffer". 5 μL stock Annexin V-eGFP was then added to the binding buffer solution, and samples were incubated for 5 min in the dark. Samples were then mounted on microscope slides and imaged at 100× magnification using a Zeiss Axioscope inverted epifluorescent microscope under bright-field and with a GFP filter cube. Fluorescent images were pseudo-colored and scaled down to the same size with ImageJ software (NIH).
Jurkat T cell metabolic activity was assessed after 4 h of culture using the CellTiter-Fluor metabolic activity assay kit (Promega), according to manufacturer's instructions. Briefly, 2× CellTiter-Fluor reagent was added to each sample at a 1:1 (v/v) ratio and incubated for 2 h at 37 °C. Sample fluorescence was then measured using a SpectraMax M5 plate-reader (excitation 370 nm/emission 495 nm). CellTiter-Fluor fluorescence in culture media lacking Jurkat T cells was subtracted from sample fluorescence. Metabolic activity in samples was reported as the sample fluorescence normalized to fluorescence of untreated cells.
Statistical analysis
All experimental and control groups had n = 3 for co-precipitation, tryptophan fluorescence quenching, and Jurkat T cell apoptosis experiments. Statistical differences between groups were analyzed using student's t-test (two groups) or ANOVA with Tukey's post-hoc (multiple groups) using GraphPad Prism software.
Results
GlcNAc-Q11 synthesis, self-assembly, and co-assembly with Q11
First we characterized synthesis and self-assembly of a glycosylated Q11 variant, GlcNAc-Q11 (Fig. 2) . Following purification, MALDI-TOF-MS identified a peak at a mass to charge ratio (m/z) of [M+H] + = 2092 Da (Figure 2a) , which was consistent with the expected mass of GlcNAc-Q11. CD indicated that neutral aqueous buffered solutions of GlcNAc-Q11 were rich in β-sheet structures over a range of concentrations (50-250 μM), based on the minimum at 224 nm and maximum at 205 nm (Figure 2b ). TEM identified high-aspect ratio nanofibers with a morphology similar to Q11 and other Q11 derivatives (Fig. 2c) . 56 Taken together, these results demonstrated that a Q11 variant having an appended GlcNAc moiety self-assembled into β-sheet nanofibers.
Next, we characterized co-assembly of GlcNAc-Q11 and Q11 into multi-component nanofibers using RP-HPLC, CD, and TEM (Fig. 3) . Q11 eluted at ~19.5 min and GlcNAc-Q11 eluted at ~18.5 min when passed over a C18 column and eluted with a linear gradient of water and acetonitrile. As the molar ratio of GlcNAc-Q11 increased relative to Q11, the size of the GlcNAc-Q11 peak at 18.5 min increased relative to the Q11 peak at 19.5 min (Fig. 3a) . Analysis of the area under the GlcNAc-Q11 and Q11 peaks in RP-HPLC chromatograms demonstrated that GlcNAc-Q11 mole fraction in solution during nanofiber assembly was predictive of nanofiber carbohydrate content over the range of χ GlcNAc-Q11 = 0.01-0.50 (Fig. 3b) . CD demonstrated that solutions of GlcNAc-Q11 and Q11 (molar ratio 1:9) were rich in β-sheet structures over a range of concentrations (50-250 μM), based on the minimum at 224 nm and maximum at 205 nm (Fig. 3c) , similar to solutions of GlcNAc-Q11 alone (Fig. 2b) . In addition, TEM identified high-aspect ratio nanofibers in solutions of GlcNAc-Q11 and Q11 (molar ratio 1:9) (Fig. 3d) , with a morphology similar to GlcNAc-Q11 (Fig. 2c) . Thus, simple mixing of Q11 and its glycosylated analog in the pre-assembled state enabled tailoring of nanofiber carbohydrate content, consistent with established methods to fabricate Q11 nanofibers with tunable composition of integrated peptide or protein ligands. 55, 56 
Enzymatic conversion of nanofibrillar GlcNAc monosaccharides to LacNAc disaccharides
Here, we characterized an enzymatic route to convert nanofibrillar GlcNAc monosaccharides to LacNAc disaccharides (Fig 4) , the latter being expected to bind galectins. An enzymatic approach was taken due to the potential for carbohydrate degradation under conditions required for solid-phase peptide synthesis and purification. 65 MALDI-TOF-MS demonstrated that the molecular weight of GlcNAc-Q11 incubated with β-1,4-GalT and UDP-gal in MnCl 2 -containing neutral buffer increased by 162 Da ([M+Na]+ = 2276 Da], as expected for the addition of galactose via condensation of 4-OH on GlcNAc and 1-OH on galactose (Fig. 4a) . In addition, MALDI-TOF-MS peak intensity for GlcNAc-Q11 (m/z = 2092 Da) was very low, suggesting the GlcNAc conversion reaction was efficient even at a very high GlcNAc density on the nanofibers. The +162 Da increase in mass required nanofibers to be incubated with both UDP-gal and β-1,4-GalT (data not shown), and the extent of reaction was greatly reduced when magnesium was added as a cofactor in place of manganese (data not shown), consistent with previous reports. 66 Based on analysis of MALDI-TOF-MS peak intensity, nearly 50% of GlcNAc in the reaction medium was enzymatically converted to LacNAc within 1 min (Fig. 4b, inset) , which increased to ~90% conversion by 6 h (Fig. 4b) . Based on the reaction conditions, it was expected that enzymatic conversion of GlcNAc to LacNAc would reach completion within ~1 minute. The slowed reaction kinetics observed here may be due to the decreased diffusion of the GlcNAc substrate in the reaction medium when conjugated to Q11 nanofibers. Additionally, the remaining 10% of unreacted GlcNAc may be due to loss of enzymatic activity via incubation at 37°C, hydrolysis of UDP-gal, or steric shielding of GlcNAc moieties by the nanofibers. Nonetheless, CD demonstrated that the β-sheet content was similar before and after enzymatic treatment of nanofibers to convert GlcNAc to LacNAc (Fig. 4c) . In addition, TEM identified high-aspect ratio nanofibers after enzymatic treatment (Fig. 4d) , which have a similar morphology to untreated GlcNAc-Q11 (Fig. 2c) . Thus, these results demonstrated that an enzymatic synthesis route can be used to fabricate β-sheet nanofibers decorated with the galectin-binding disaccharide, LacNAc.
Lectin binding to self-assembled glycopeptide nanofibers
We characterized binding of galectin-1 and galectin-3 to Q11 nanofibers with varied GlcNAc or LacNAc concentration using co-precipitation and tryptophan fluorescence quenching assays (Fig. 5a-d) . The extent of galectin-1 binding to GlcNAc-Q11 nanofibers before and after enzymatic treatment increased with increasing carbohydrate concentration in the nanofibers (Fig. 5a) . However, converting GlcNAc to LacNAc increased nanofiber galectin-1 binding affinity, as indicated by a significantly lower concentration of galectin-1 in supernatants above LacNAc-Q11 nanofibers when compared to supernatants above GlcNAc-Q11 nanofibers, which was consistent with previous reports demonstrating increased binding affinity of galectin-1 for β-galactosides when compared to GlcNAc. 67 Binding of galectin-1 to LacNAc-Q11 nanofibers was mediated by specific proteincarbohydrate interactions, since it was inhibited by a molar excess of β-lactose (Fig. 5a , gray triangle). Galectin-3 also bound to LacNAc-Q11 nanofibers in a LacNAc concentrationdependent manner, however, galectin-3 failed to bind to GlcNAc-Q11 nanofibers (Fig. 5b) , consistent with previous reports demonstrating minimal binding of galectin-3 to GlcNAc-Q11. 67 SDS-PAGE analysis of supernatants above GlcNAc-Q11 or LacNAc-Q11 nanofibers incubated with galectin-1 or galectin-3 qualitatively demonstrated that LacNAc-Q11 nanofibers have higher affinity for galectin-1 than galectin-3, since there was no detectable galectin-1 present in supernatants above nanofibers with [LacNAc] ≥ 100 μM, whereas galectin-1 or galectin-3 were detected in supernatants above nanofibers with [GlcNAc] ≥ 100 μM or [LacNAc] ≥ 100 μM, respectively (Fig. 5c) . Thus, tailoring nanofiber LacNAc concentration via simple mixing of molecular variants in the pre-assembled state can give rise to synthetic glycoclusters with increased affinity for galectin-1 when compared to galectin-3.
Based on the observation that LacNAc-Q11 nanofibers had higher affinity for galectin-1 than galectin-3, we compared the affinity of galectin-1 for nanofibrillar LacNAc and soluble β-lactose using tryptophan fluorescence quenching. The dissociation constant of galectin-1 for LacNAc-Q11 was nearly an order of magnitude lower than its dissociation constant for soluble β-lactose (Fig. 5d) , as demonstrated by an increased extent of tryptophan fluorescence quenching by LacNAc-Q11 nanofibers when compared to quenching by an identical concentration of β-lactose. Thus, this data suggests that self-assembly of glycopeptides into β-sheet nanofibers can provide synthetic glycoclusters having increased galectin-binding affinity when compared to monomeric carbohydrates. Different lectins often have binding specificity for different carbohydrates, and here we used co-precipitation experiments to investigate correlations between the type of carbohydrate conjugated to Q11 nanofibers and their lectin-binding specificity. Specifically, we analyzed GlcNAc-Q11 and LacNAc-Q11 nanofiber co-precipitation with wheat germ agglutinin (WGA), a lectin that preferentially binds GlcNAc. 68 Extent of WGA binding to GlcNAc-Q11 nanofibers increased as a function of GlcNAc concentration, whereas WGA bound only weakly to LacNAc-Q11 nanofibers over the range of carbohydrate concentrations tested (Fig. 5e ). These observations indicated that conjugating galactose onto GlcNAc-Q11 nanofibers via β-1,4-GalT inhibited WGA recognition of GlcNAc. When considered alongside data demonstrating that galectin-1 and galectin-3 preferentially bound to LacNAc-Q11 nanofibers (Fig. 5a-c) , these results suggest that nanofiber lectin-binding specificity can also be tailored by changing the type of carbohydrate conjugated to Q11 nanofibers.
Finally, in light of previous demonstrations that LacNAc can be used to reduce non-specific protein adsorption onto nanomaterials, 70 here we investigated fetal bovine serum binding onto LacNAc-Q11 nanofibers. The concentration of fetal bovine serum proteins bound nonspecifically to Q11 nanofibers was low and independent of nanofiber LacNAc concentration (Fig. 5f ). In addition, SDS-PAGE analysis of nanofibers after co-precipitation with fetal bovine serum suggested that the profile of non-specifically bound proteins did not vary significantly over the range of LacNAc concentrations tested (data not shown). Together, these results indicate that pendant LacNAc moieties neither increase nor decrease nonspecific serum protein binding to self-assembled β-sheet peptide nanofibers, and suggest that LacNAc-Q11 nanofibers may be useful as biomaterials to modulate galectin bioactivity within extracellular microenvironments.
Efficacy of glycopeptide nanofibers as inhibitors of galectin-mediated T cell apoptosis
Galectin-1-mediated T cell apoptosis is a key mediator of tumor immune privilege, 71, 72 and therapeutics capable of inhibiting galectin-mediated T cell apoptosis are of interest for enhancing anti-tumor immunity. Based on observations that nanofibrillar LacNAc bound galectin-1 with higher affinity than soluble β-lactose, we compared the efficacy of LacNAc-Q11 nanofibers and β-lactose for inhibiting galectin-1-mediated Jurkat T cell apoptosis, an established model of galectin-1 bioactivity (Fig. 6) . 22 Neither GlcNAc-Q11, nor LacNAc-Q11, were cytotoxic to Jurkat T cells over the range of concentrations used in these studies (Fig. 6a) , indicating that Q11 nanofibers were suitable for characterizing the efficacy of nanofibrillar LacNAc for modulating galectin-1 bioactivity.
First, we characterized Jurkat T cell agglutination, an early marker of apoptosis, via galectin-1 in the presence of LacNAc-Q11 nanofiber formulations that co-precipitated >90% of galectin-1 in solution (i.e. [carbohydrate] ≥ 100 μM, Fig. 5a ) or soluble β-lactose. Galectin-1 protein caused agglutination of Jurkat T cells, as noted by the predominance of large cell aggregates rather than single suspended cells (Fig 6b) . In contrast, galectinmediated T cell agglutination was inhibited by LacNAc-Q11 nanofibers or soluble β-lactose, albeit with differing effectiveness (Fig. 6b) . In particular, single cells were predominantly observed in cultures treated with LacNAc-Q11 nanofibers, whereas both single cells and cell aggregates were observed in cultures treated with soluble β-lactose. Qualitatively, this suggested that LacNAc-Q11 nanofibers are more effective galectin-1 inhibitors than soluble β-lactose, which was not surprising in light of our observations that galectin-1 affinity for LacNAc-Q11 nanofibers was higher than its affinity for soluble β-lactose (Fig. 5d) .
Next, we analyzed phosphatidylserine exposure on the outer leaflet of Jurkat T cell membranes, which is a marker of apoptosis known to be up-regulated by galectin-1. 22, 63 Based on observations that LacNAc-Q11 nanofibers having [carbohydrate] ≥ 100 μM inhibited Jurkat T cell agglutination (Fig. 6b) , we limited qualitative analysis of phosphatidylserine exposure to a single LacNAc-Q11 formulation. Jurkat T cells agglutinated via galectin-1 stained positively for phosphatidylserine on the outer leaflet of the cell membrane, as visualized by Annexin V-eGFP (Fig 6c) , consistent with previous reports. 22, 63 In contrast, Jurkat T cells in cultures containing galectin-1 and a LacNAc-Q11 formulation that inhibited agglutination were negative for phosphatidylserine exposure (Fig  6b) . Because LacNAc-Q11 nanofibers were not cytotoxic (Fig. 6a) , we inferred that cells treated with LacNAc-Q11 nanofibers were viable and not necrotic in these qualitative studies.
To quantify the efficacy of LacNAc nanofibers as inhibitors of galectin-1 bioactivity, we analyzed loss of Jurkat T cell metabolic activity, a later marker of apoptosis. In particular, Jurkat T cells were cultured in media supplemented with galectin-1 and nanofibers with varying LacNAc mole fractions, or thiodigalactoside (TDG), a stable β-lactose analog and known galectin-1 inhibitor. 73 Here, we investigated a broader range of LacNAc-Q11 nanofiber formulations to identify correlations between nanofiber galectin-1-binding affinity and efficacy for modulating galectin-1 bioactivity. Metabolic activity of Jurkat T cells was significantly reduced when cultured in media supplemented with galectin-1 and Q11 nanofibers lacking LacNAc (Fig. 6d) . In contrast, 1 mM Q11 nanofibers with pendant LacNAc moieties maintained Jurkat T cell metabolic activity in the presence of galectin-1 to an extent that was dependent on LacNAc concentration, such that nanofibers fabricated with χ GlcNAc-Q11 = 0.25 (i.e. 250 μM carbohydrate) nearly completely inhibited galectin-1 induced loss of Jurkat T cell metabolic activity (Fig. 6d) . Notably, 500 μM TDG (a 2-fold molar excess of the highest LacNAc-Q11 concentration) was not effective at maintaining Jurkat T cell metabolic activity (Fig. 6d) , which was consistent with qualitative results suggesting that a soluble β-galactoside was unable to inhibit galectin-1-mediated Jurkat T cell apoptosis to the same extent as LacNAc-Q11 nanofibers (Fig. 6b) .
T cells also undergo apoptosis in response to galectin-3, although galectin-1 preferentially induces apoptosis of double-negative and double-positive CD4/CD8 T cells, whereas galectin-3 preferentially induces apoptosis of CD4/CD8 double-negative T cells, via differential binding of each galectin to T cell surface receptors. 22 Jurkat T cells undergo apoptosis via both galectin-1 and galectin-3, 22 and here we used Jurkat T cells as a model to compare the efficacy of LacNAc-Q11 nanofibers as inhibitors of galectin-1 or galectin-3 apoptosis. Q11 nanofibers with pendant LacNAc moieties did not inhibit galectin-3-mediated Jurkat T cell apoptosis to a measurable extent when compared to nanofibers lacking LacNAc or cultures lacking nanofibers (Fig. 7, left) . In contrast, an identical nanofiber formulation robustly inhibited galectin-1-mediated apoptosis when compared to nanofibers lacking LacNAc or cultures lacking nanofibers (Fig. 7, right) . These results were consistent with our observations that LacNAc-Q11 nanofibers have higher affinity for galectin-1 than galectin-3 ( Fig. 5a-c) .
Taken together, these results demonstrated that self-assembled glycopeptide nanofibers can inhibit galectin-1-mediated T cell apoptosis more effectively than soluble β-galactosides, likely due to the formation of glycoclusters with enhanced galectin-binding affinity. Notably, nanofiber galectin-binding affinity, as determined via co-precipitation assays, was predictive of nanofiber efficacy for inhibiting galectin bioactivity.
Discussion
Here, we demonstrated that a glycosylated variant of a β-sheet fibrillizing peptide can selfassemble into high-aspect ratio nanofibers. These nanofibers can bind to galectins in a carbohydrate-dependent manner, and nanofiber lectin-binding specificity and affinity can be tailored by varying the type and concentration of carbohydrate integrated into the nanofibers. The ease of tuning carbohydrate concentration within these nanofibers via simple mixing of glycosylated and non-glycosylated peptides in the pre-assembled state highlights the flexibility of this platform for creating synthetic glycoclusters with tailored carbohydrate content. Self-assembly of LacNAc into supramolecular nanofibers increased its affinity for galectin-1 by nearly an order of magnitude when compared to soluble β-lactose. As with other polyvalent carbohydrates, this increased binding affinity is likely due in part to increased carbohydrate avidity, or the "glycocluster effect", provided by selfassembly. In addition, binding affinity was likely enhanced by the reduced entropic penalty resulting from galectin-1 association with LacNAc immobilized on a supramolecular nanofiber having a relatively high molecular weight. As a result, galectin-binding nanofibers are more effective than conventional small molecules for inhibiting galectin-1-mediated T cell apoptosis, suggesting their potential as therapeutic biomaterials.
The ability to append a carbohydrate ligand onto a self-assembling domain to create functional nanofibers adds significant new biomaterial design opportunities to a platform that already provides robust design flexibility via integration of peptide or protein ligands. [49] [50] [51] [52] 55, 56 Although other self-assembling carbohydrate variants are receiving attention for fabricating functional nanomaterials, 53, [74] [75] [76] [77] [78] one inherent advantage of the β-sheet fibrillizing platform used herein is that the concentration of functional ligand integrated into the nanofiber can be precisely varied via simple mixing of different selfassembling molecules in the pre-assembled state. 55, 56 Importantly, this allows for nanofiber functional properties to be tailored according to application specific needs. In this case, nanofiber affinity for galectin-1 and -3, and efficacy for inhibiting galectin-1 bioactivity, could be tailored by varying the molar ratio of glycosylated and non-glycosylated peptides present during nanofiber assembly. Notably, we observed that binding affinity of galectin-1 for LacNAc-Q11 nanofibers was greater than that of galectin-3. The observed differences in galectin-binding affinity of LacNAc-Q11 nanofibers may be the result of steric clashing due to the larger size of galectin-3 when compared to galectin-1 (MW ~ 27 kDa versus 14 kDa, respectively), or the self-assembly of galectin-3 into pentamers and galectin-1 into dimers. Although the exact mechanism governing these differences in binding are beyond the scope of this report, they are nonetheless consistent with previous work demonstrating that galectin-1 binds strongly to the human immunodeficiency virus coat glycoprotein GP120 having high LacNAc density, whereas galectin-3 is unable to bind. 34 More importantly, different galectins can have contrasting activities as inhibitory or stimulatory signaling molecules within distinct physiological or pathological settings, such as antigen-specific T cell responses, 3 T cell apoptosis, 22 autoimmune disease severity, 32,33 viral infection, 9 and angiogenesis. 79 Thus, the potential to tailor galectin binding affinity by modifying nanofiber composition may lead to biomaterials with optimal efficacy for modulating galectin bioactivity in different therapeutic settings.
In addition to biophysical constraints, lectin binding to glycopeptide nanofibers is also governed by carbohydrate chemistry. In particular, galectins preferentially bind to β-galactosides, such as LacNAc and β-lactose, with different galectins having fine specificity for sialylated, fucosylated, or repeated variants. [80] [81] [82] Efforts to create synthetic galectinbinding glycoclusters are often challenged by the hydrolytic instability of the glycosidic bonds linking different carbohydrates. 65 Within natural systems, GlcNAc is enzymatically converted to LacNAc by β-1,4-GalT in the presence of an activated galactose donor, such as UDP-galactose. 83 This bio-inspired route has been used previously to fabricate LacNAcmodified substrates in vitro, 61 and here we used this same synthesis route to fabricate LacNAc-modified nanofibers. We chose a synthetic route in which GlcNAc moieties are modified after Q11 self-assembly into nanofibers, rather than in the pre-assembled state, because Q11 nanofibers can be sedimented by centrifugation to separate them from low molecular weight proteins, unused reactants, or side products. 55, 64 Thus, self-assembled nanofibers essentially provided a pseudo-solid-phase that greatly simplifies purification via cycles of centrifugation and washing steps. Nanofibrillar GlcNAc moieties were converted to LacNAc in high yield via β-1,4-GalT, and the reaction was dependent on the enzyme, sugar donor, and metal co-factor. These results were consistent with previous work demonstrating that an enzyme can efficiently react with a fibrillized ligand to mediate protein immobilization onto nanofibers. 64 Taken together, these observations demonstrate that enzyme-catalyzed reactions are generally useful for post-assembly modification of selfassembled peptide nanofibers displaying appropriate substrates. Here, this was particularly important for enhancing nanofiber galectin-binding affinity, since nanofibers bearing GlcNAc moieties had low affinity for galectin-1 and no observable affinity for galectin-3. Moving forward, sequential enzymatic reactions inspired by natural carbohydrate synthesis may be broadly useful for fabricating nanofibers with more complex carbohydrates. In turn, precisely tailoring carbohydrate chemistry may provide more finely tuned control of nanofiber lectin-binding affinity or specificity than what is afforded by biophysical constraints alone. Thus, combining the ability to vary carbohydrate concentration via simple mixing of Q11 variants in the pre-assembled state with appropriate enzymatic reactions to vary carbohydrate type post-assembly is likely to provide significant biomaterial design flexibility. In turn, this flexibility is likely to facilitate fabrication of synthetic glycoclusters with tailored lectin-binding properties as therapeutics for various applications, including viral prophylaxis, immunotherapy, and cancer. In addition, co-assembly of carbohydratemodified Q11 variants with Q11 variants bearing peptide or protein ligands may provide a simple route for fabricating nanofibers that can replicate glycoprotein structure and function, ultimately leading to new classes of therapeutic biomaterials or next-generation mimics of the extracellular matrix.
Efficacy of LacNAc-Q11 nanofibers as inhibitors of galectin-mediated T cell apoptosis provided an initial demonstration of their potential as therapeutic biomaterials. Optimal LacNAc-Q11 nanofiber formulations were a more effective inhibitor of galectin-1-mediated T cell agglutination and apoptosis than conventional small molecule inhibitors, such as β-lactose and its stable variant TDG. This observation was not necessarily surprising, given that LacNAc-Q11 affinity for galectin-1 was nearly an order of magnitude higher than that of soluble β-lactose, likely due to the glycocluster effect provided by LacNAc-Q11 self-assembly. LacNAc-Q11 nanofibers were also more effective for inhibiting Jurkat T cell apoptosis by galectin-1 than galectin-3, suggesting that these materials may be effective for inhibiting galectin-1 signaling in antigen-specific T cell responses, 3 or suppressing galectin-1-mediated apoptosis of CD4/CD8 double-negative and double-positive T cells, 22 while having little effect on galectin-3. Thus, self-assembled nanofibers provide a promising alternative to small molecule galectin inhibitors that have prevailed to date, in part due to their increased binding affinity that can optimized by tailoring carbohydrate concentration, type, or both. However, small molecule inhibitors and low-molecular weight glycoclusters have other inherent limitations that may also be addressable with self-assembled glycopeptide nanofibers. In particular, systemic delivery of small molecules or lowmolecular weight glycoclusters will likely result in off-target effects due to rapid and extensive bio-distribution, and in turn inhibition of galectin activity underlying normal physiological processes. For example, endogenous galectins inhibit entry of certain viruses, 9 and therefore systemic inhibition of galectin activity may render patients susceptible to opportunistic viral infections. In contrast, localized delivery of galectin-inhibiting nanofibers having low diffusivity due to their high molecular weight may be less likely to increase susceptibility to opportunistic infection. In addition, although not explicitly investigated here, galectin inhibitors based on self-assembled peptide nanofibers are anticipated to be biocompatible, minimally inflammatory, and non-immunogenic, 57,58 thereby enhancing their safety profile as therapeutic biomaterials.
Conclusions
Self-assembly of glycopeptides into high-aspect ratio nanofibers gives rise to synthetic glycoclusters that can non-covalently bind to galectins, and in turn modulate their activity as extracellular signals. The concentration of carbohydrate integrated into the nanofibers can be easily and precisely varied via simple mixing of different self-assembling peptide variants in the pre-assembled state, while carbohydrate type can be tailored via enzymatic reactions in the post-assembled state. Due to ease of fabrication, precise control over material composition, inherent 'glycocluster effect', and efficacy for modulating galectin bioactivity, self-assembled glycopeptide nanofibers provide a promising alternative to low-molecular weight polyvalent scaffolds or glycopolymers as synthetic glycoclusters and glycoprotein mimetics. We envision that these nanofibers will be broadly useful as biomaterials that can modulate galectin bioactivity in various normal and pathological settings, including innate and adaptive immunity, cancer, viral infection, wound healing, and tissue regeneration. a) β-sheet fibrillizing peptide Q11, and a Q11 variant having an asparagine residue with an N-linked n-acetylglucosamine (GlcNAc) moiety. b) Q11 and GlcNAc-Q11 co-assemble into nanofibers in which GlcNAc content of the nanofibers is dependent on the molar ratio of Q11 to GlcNAc-Q11 (χ). c) Pendant GlcNAc moieties along the nanofiber are converted to the β-galactoside, n-acetyllactosamine (LacNAc) by the enzyme β-1,4-galactosyltransferase (β-1,4-GalT) and the sugar donor UDP-galactose (UDP-gal). d) LacNAc-Q11 nanofibers bind galectin-1 and -3, and nanofiber galectin binding affinity can be tailored by varying the molar ratio of Q11 to GlcNAc-Q11 present during assembly. Binding of 2 μM galectin-1 to Q11 nanofibers with 0-500 μM LacNAc or GlcNAc. b) Binding of 1.5 μM galectin-3 to Q11 nanofibers with 0-500 μM LacNAc or GlcNAc. c) PAGE gels of supernatants above nanofibers sedimented by centrifugation, qualitatively demonstrating increased binding of galectin-1 to LacNAc-Q11 nanofibers. d) Tryptophan fluorescence quenching of galectin-1 by LacNAc-Q11 nanofibers or soluble β-lactose. e) Binding of 12.5 μM wheat germ agglutinin (WGA), a GlcNAc-binding lectin, to Q11 nanofibers with 0-250 μM LacNAc or GlcNAc, demonstrating correlation between carbohydrate type and lectin-binding specificity. f) Non-specific binding of fetal bovine serum to Q11 nanofibers with 0-500 μM LacNAc. 
